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The  effect  of  cyclic  load  frequency  on  the  room- temperature  fatigue  i 
crack  growth  response  of  AISI  4340  steel  tempered  at  205°C)  in  water  vapor 

at  585  Pa  (4.4  torr)  has  been  investigated.  The  water  vapor  pressure  was  { 
chosen  to  avoid  capillary  condensation  at  the  crack  tip.  Crack  growth  tests  | 
were  conducted  over  a frequency  range  from  0.1  to  10  Hz,  and  a range  of  stress  1 
intensity  factors  (K).  The  maximum  K in  these  tests  was  below  the  apparent  i 
threshold  K for  sustained-load  crack  growth  in  this  environment.  Fatigue  j 
crack  growth  rates  were  found  to  increase  with  the  reciprocal  of  frequency  i 
(that  is,  with  the  period  at  load),  and  exhibited  transient  behavior  when  the  | 
test  frequency  was  altered.  By  separating  the  growth  rate  into  an  environ-  I 
ment  independent  component  (pure  fatigue)  and  an  environment  dependent  com- 

ponent,  it  was  found  that  the  environment  dependent  component  varied  linearly  f 
with  period  over  the  frequency  range  0.1  to  10  Hz.  The  results  are  correlated  T 
with  the  kinetics  for  water  vapor/metal  surface  reactions,  and  with  other  ]| 
fatigue  crack  growth  data  on  high-strength  steels  tested  in  aqueous  and  H2S  5; 
containing  environments.  The  frequency  and  transient  effects  are  discussed  i 
in  terms  of  possible  crack-tip  processes.  ^ 


Introduction 


Corrosion  fatigue  is  a generic  term  that  describes  the  cracking  response 
of  a material  to  the  combined  actions  of  cyclically  varying  loads  and  cor- 
rosive (aggressive)  environments.  It  is  recognized  as  one  of  the  most  impor- 
tant causes  for  failures  in  engineering  structures.  Characterizations  of 
corrosion  fatigue  response  of  materials  are  complicated  by  the  need  to  incor- 
porate a multitude  of  loading  variables  and  their  interactions  with  a range 
of  environments.  Much  of  the  work  during  the  past  15  years  has  been  directed 
towards  examinations  of  the  influences  of  environments  on  fatigue  crack 
growth.  The  essential  results  from  these  studies  have  been  summarized  in  a 
number  of  review  papers  and  proceedings  of  symposia  [1-4],  These  results 
indicated  that  the  rate  of  environment-enhanced  fatigue  crack  growth  is  a 
function  of  stress  intensity  factor  (maximum  or  range,  i . e . , O'"  4K), 

load  ratio  (R),  cyclic  load  frequency  (f)  and  waveform,  fugacity  (or  pressure) 
or  concentration  of  the  aggressive  environment,  temperature,  etc.  [1-5].  The 
specific  response  also  depended  on  the  particular  material-environment  sys- 
tem, and  was  grouped  into  three  categories  by  McEvily  and  Wei  [2]  in  relation 
to  the  threshold  stress  intensity  factor  (Kj^^,.)  for  stress  corrosion  crack- 
ing of  the  material . 

For  maximum  stress  intensity  factors  (K^iax)  above  Kjscc’  the  environ- 
mental contribution  arises  principally  from  "stress  corrosion  cracking"  and 
may  be  determined  (to  a first  order  approximation)  from  sustained-load  crack 
growth  data  [6].  For  K^ax  below  Kjscc>  the  environmental  contribution  was 
thought  to  arise  from  synergistic  action  of  fatigue  and  environmental  attack 
[1].  In  the  latter  case,  Barsom  [7]  showed  that  the  rate  of  fatigue  crack 
growth  in  a highly  alloyed  steel,  tested  in  3.5  pet  NaCl  solution,  depended 
on  cyclic  load  frequency  and  waveform.  The  rate  of  crack  growth  was  higher 
at  the  lower  frequencies,  and  the  environmental  effect  was  nearly  negligible 
for  waveforms  with  a high  rise-time  (such  as  square  waves).  The  dependence 
on  frequency  was  confirmed  by  the  results  of  Gallagher  [8]  on  a HY-80  steel, 
again  tested  in  3.5  pet  NaCl  solution,  and  those  of  Miller  ^ [9]  on  a 

low-alloy  steel  tested  in  distilled  water.  Frequency  effect  for  fatigue 
crack  growth  at  K^^ax  below  Kjsec  bad  been  observed  in  aluminum  alloys  tested 
in  water  vapor  (without  capillary  condensation  at  the  crack  tip)  [10,11]. 
Bradshaw  and  Wheeler  suggested  that  the  observed  frequency  effect  resulted 
from  the  time  available  for  the  reaction  of  newly  produced  crack  surfaces 
with  the  environment  [10].  In  distilled  water,  however,  aluminum  alloys  ex- 
hibited only  minor  effects  of  frequency  [1,12]  and  no  influence  of  waveform 
[13].  Hudak  and  Wei  suggested  that  the  difference  in  behavior  between  the 
steels  and  aluminum  alloys  may  be  attributed  to  differences  in  the  reactivity 
of  these  alloys  to  water.  Unfortunately,  however,  there  were  no  data  on  sur- 
face reactions  to  support  either  of  the  suggestions. 

In  a recent  study,  a slow  step  in  the  reaction  of  water/water  vapor  with 
metal  surfaces  was  identified  as  the  rate  controlling  process  for  sustained- 
load  crack  growth  in  an  AISI  4340  steel  [14].  The  kinetics  for  this  reaction 
were  also  determined.  Preliminary  data  on  fatigue  crack  growth  in  water  vapor 
had  shown  an  effect  of  cyclic  load  frequency;  no  influence  of  frequency  was 
observed  for  crack  growth  in  an  inert  reference  environment  [15].  With  these 
additional  data,  it  appeared  reasonable  to  carry  out  a more  systematic  examin- 
ation of  the  influence  of  cyclic  load  frequency  on  fatigue  crack  growth  on 
this  steel . 

In  the  present  study,  the  kinetics  of  the  environment-enhanced  fatigue 
crack  growth  (corrosion  fatigue)  were  determined  on  the  same  laboratory  melted 
heat  of  AISI  4340  steel  that  had  been  used  for  the  previous  studies  [14].  The 
interrelationship  between  the  kinetics  of  water  vapor-metal  surface  reaction 
and  the  kinetics  of  fatigue  crack  growth  for  this  steel  in  water  vapor  was 
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examined.  Plausible  explanations  for  the  observed  fatigue  crack  growth  re- 
sponse were  considered.  Fracture  morphology  was  characterized  by  scanning 
electron  microscopy  and  was  correlated  with  the  kinetic  data  and  mechanical 
variables. 


Material  and  Experimental  Work 


A laboratory  vacuum-melted  AISI  4340  steel,  with  extra-low  residual 
impurities  was  used  in  this  investigation*.  Specimen  blanks  were  cut  from 
0.9-cm-thick  hot-rolled  plate  and  were  heat  treated  before  finish  machining 
into  test  specimens.  Chemical  composition,  heat  treatment  and  mechanical 
properties  of  this  steel  are  given  in  Table  1. 


Table  1 

Chemical  Composition,  Heat  Treatment,  and  Mechanical  Properties 
of  AISI  4340  Steel  Investigated 

Chemical  Composition,  Weight  Percent 

C S _S1^  Jii  _ ^ Mo  Co  Ti 

0.42  0.70  0.0009  0.0012  0.28  1.83  0.79  0.24  0.011  <0.005 


Heat  Treatment 

Normalize,  900°C,  1 h,  A.C.;  Austenitize,  843°C,  1 h,  O.Q.; 
Temper,  205°C,  1 h,  A.C. 

A.C.  = air  cool;  O.Q.  = oil  quench 


Yield 

Strength 

(MPa) 

1344 


M^c_h ajn  c a X Proper  ties 


Tensile 

Strength 

jGPa) 


Young's 
Modul us 


Elongation 

(pet) 


2082  201  9 


Modified  wedge-opening-load  (WOL)  Specimens  [16],  oriented  in  the  longi- 
tudinal (LT)  direction,  were  used  for  determining  the  fatigue  crack  growth 
kinetics  in  water  vapor.  The  specimens  were  5.23  cm  wide,  with  a half-height 
to  width  ratio  (H/W)  of  0.486.  A crack  starter  notch,  1.52  cm  in  length  with 
a root  radius  of  0.025  cm,  was  introduced  into  each  specimen  using  electro- 
spark discharge  machining.  The  notch  was  further  sharpened  by  fatigue  in 
dehumidified  argon  immediately  prior  to  the  start  of  the  crack  growth  test. 
Fatigue  precracking  and  subsequent  fatigue  tests  were  carried  out  under  sinu- 
soidally varying  loads,  at  a load  ratio  (R)  of  0.1  in  a closed-loop  electro- 
hydraulic  testing  machine  operated  in  load  control.  Load  accuracy  was  main- 
tained to  better  than  ■ 1 pet.  Cyclic  load  frequencies  from  0.1  to  10  Hz 
were  used  to  examine  the  influence  of  frequency  on  environment-enhanced  fati- 
gue crack  growth.  Frequencies  of  0.1,  1 and  10  Hz  were  selected  for  the 
frequency  cycling  experiments.  Changes  in  frequency  for  the  frequency  cycling 
experiments  were  made  simply  by  switching  the  frequency  range  selector  without 
interrupting  the  fatigue  test;  although  the  load  amplitude  was  reduced  momen- 
tarily by  less  than  5 pet  during  each  frequency  change  to  avoid  "overshoot" 
that  might  be  introduced  by  the  changing  dynamic  response  of  the  testing  sys- 
tem. 

♦Steel  was  furnished  by  the  Research  Laboratory  of  United  States  Steel 
Corporation,  Monroeville,  PA. 
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The  stress  Intensity  factor  range,  AK,  was  computed  from  Eq.  (1),  which 
Is  accurate  to  ± 1 pet  for  0.3  S a/W  i 0.75  [3]. 

AK  = ^Y(a/W)  (1) 

y(a/W)  « 30.96  - 195.8(a/W)  + 730.6(a/W)^  - n86.3(a/W)^ 

+ 754.6(a/W)^ 

aP  • applied  load  range;  B = specimen  thickness;  W = specimen  width; 

I a • crack  length;  and  Y(a/k)  = geometric  factor. 

A continuous-recording  dc  electrical  potential  system  was  used  to 
monitor  crack  growth  [17].  The  following  experimental  calibration  relation- 
ship was  used  to  convert  electrical  potential  to  crack  length; 

a = 1.734  + 4.619V*  - I.ISOV*^;  0.02  < V*  < 0.48  (2) 

where  a = crack  length  in  cm 

V*  = normalized  electrical  potential  = (V  - V^)/V^ 

V = electrical  potential  corresponding  to  the  current 

1 crack  length 

V = reference  electrical  potential  corresponding  to  a 

crack  length  of  1.725  cm  (0.679  in.) 

Crack  growth  rates  were  determined  from  graphical  differentiation  of  the 
potential -time  records.  The  sensitivity  of  the  crack  monitoring  system,  at 
I a working  current  of  about  3 amp,  was  such  that  changes  in  crack  length  of 

I about  lOum  and  in  crack  growth  rate  of  about  2 x lO"’  cm/cycle  can  be  readily 

resolved.  Uncertainty  in  crack  length  measurements  was  estimated  to  be  t 1 
pet,  and  that  for  crack  growth  rate  measurements,  less  than  + 20  pet. 

Fatigue  crack  growth  experiments  were  carried  out  in  water  vapor  and  in 
dehumidified  argon  at  room  temperature.  The  environment  was  maintained  along 
the  expected  crack  path  by  the  use  of  stainless  steel  chambers  clamped  to  the 
specimens;  the  chambers  being  connected  to  a suitable  gas  supplying  system. 
Dehumidified  "ultra-pure"  argon  (99.999  pet  purity),  further  purified  by  an 
in-line  titanium  sublimation  pump,  was  used  as  the  reference  environment. 
Water  vapor  at  a partial  pressure  of  585  Pa  (4.4  torr)  was  selected  as  the 
aggressive  environment  to  avoid  capillary  condensation  at  the  crack  tip  [18]. 
This  environment  was  readily  obtained  by  flowing  "ultra-pure"  argon  through 
distilled  water  maintained  at  O’C. 

Characterization  of  the  morphology  of  fracture  surfaces  produced  by 
environment-enhanced  fatigue  crack  growth  at  the  different  cyclic  load  fre- 
quencies was  made  with  the  aid  of  scanning  electron  microscopy.  The  entire 
broken  halves  of  selected  specimens  were  placed  inside  an  ETEC  Auto-scan 
microscope  for  examination.  By  this  procedure,  the  location  on  the  fracture 
surface  can  be  readily  determined,  and  specific  morphological  features  could 
be  correlated  then  with  the  kinetic  data  and  with  the  appropriate  mechanical 
variables  (such  as  AK) . 

Results 


Effect  of  Cyclic  Load  Frequency 

Fatigue  Crack  growth  data  on  AISI  4340  steel,  obtained  under  sinusoidal 


i; 

1 


1: 


4 


loading  at  room  temperature  and  a water  vapor  pressure  of  585  Pa  (4.4  torr), 
for  various  loading  frequencies  are  shown  in  Fig.  1.  Data  from  the  reference 
(argon)  environment  are  also  included  in  Fig.  1 for  comparison.  These  data 
cover  stress  intensity  factor  range  (AK)  from  15  to  40  MPa-m'/2  at  R = 0.1. 


STHeSS  INTENSITY  FACTO*  NANGE  (OK).  Hi  - inW 


Figure  1 - Room  temperature  fatigue  c'ack  growth  kinetics 
on  AISI  4340  steel  tested  m dehumidified  argon 
and  in  water  vapor  (below  Kiscj.)  at  R = 0.1. 

The  corresponding  maximum  stress  intensity  factors  (K,^ax)  were  below  the 
apparent  Kjjcc  (approximately  55  MPa-mV2)  for  this  water  vapor  pressure  [15]. 
The  results  clearly  show  that  water  vapor  increased  the  rate  of  fatigue  crack 
growth  below  Ktjoc  to  3 greater  extent  at  low  frequencies  than  at  the  higher 
frequencies.  The  percentage  increase  over  the  growth  rate  in  the  reference 
environment,  at  a given  frequency,  was  essentially  the  same  over  the  range  of 
AK  used  in  this  investigation.  In  other  words,  data  at  the  different  fre- 
quencies followed  essentially  parallel  curves  in  log  (da/dN)  versus  log  (:K) 
coordinates. 

Assuming  that  the  crack  growth  kinetics,  over  the  indicated  range  of  .‘K 
shown  in  Fig.  1,  can  be  represented  by  the  relationship  da/dN  = C(',K)o  [19], 
least-squares  regression  analyses  of  the  data  were  made  and  showed  that  the 
data  conformed  with  this  relationship.  The  exponents  n were  found  to  be  equal 
at  95  pet  confidence  level,  and  had  a pooled  value  of  nearly  2.  For  simpli- 
city, a value  of  n = 2 was  chosen,  and  the  experimental  data  were  empirically 
represented  by  Eq.  (3)  for  use  in  further  analyses. 

= C(AK)2  (3) 

The  constant  C is  a dimensional  constant,  and  was  determined  from  each  set  of 
data  by  least-squares  regression  analysis  based  on  Eq.  (3).  The  constant  C, 
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therefore,  reflected  the  influence  of  frequency  or  period  on  environment- 
enhanced  fatigue  crack  growth.  The  value  corresponding  to  the  reference  data 
was  taken  to  be  Cq  (that  is,  for  data  obtained  in  argon  at  20  Hz). 


Environment  induced  increase  in  fatigue  crack  growth  rate  may  be  given 
by  the  difference  between  crack  growth  rate  in  the  aggressive  environment, 
(da/dN)p,  and  that  in  the  reference  environment,  (da/dN)^.  at  the  same  AK 
level. 


(da/dN)g  - (da/dN)^ 


Cp)(AK)‘ 


This  increase  is  thus  represented  by  (C  - Cq)  over  the  entire  range  of  .‘.K 
investigated.  The  values  for  (C  - Cq)  are  shown  as  a function  of  the  inverse 
of  cyclic  load  frequency  (that  is,  or  period)  in  Fig.  2.  Error  bands  in  Fig. 

2 represent  estimates  of  95  pet  probability  for  occurrence  [20].  Least- 
squares  analysis  of  these  data  showed  that  (C  - Cq)  is  linearly  proporational 
to  the  period  (t  = 1/frequency)  on  a 95  pet  confidence  level  basis.  This  cor- 
relation indicates  that  the  increase  in  the  rate  of  fatigue  crack  growth  by 
the  environment  is  proportional  to  the  "time-at-load"  (that  is,  for  loads 
above  the  minimum  load  in  a given  cycle).  The  mechanistic  implications  of 
this  finding  are  considered  in  the  discussion. 


FREQUENCY  (Hz) 


'yr'  — 


■I  ~ 

1 ^ 


— 10'*  - 


PERIOD  (seconds) 


Figure  2 - Environment  dependent  component  of  fatique 

crack  growth  parameter  as  a function  of  cyclic 
load  period  for  AISI  43A0  Steel  tested  in  water 
vapor  at  room  temperature. 


Transient  Phenomenon 


Changes  in  crack  growth  rate  associated  with  changes  in  cyclic  load 
frequency,  for  constant  load-amplitude  fatigue  in  585  Pa  (4.4  torr)  water 
vapor  at  room  temperature,  are  shown  as  a function  of  crack  length  in  Fig.  3. 


6 


(b) 

Figure  3 - Crack  growth  rate  response  resulting  from 
changes  in  cyclic  load  frequency. 

Data  shown  in  Fig.  3a  were  obtained  from  test  on  a specimen  that  had  been 
fatigued  at  0.1.  1,  and  10  Hz  under  the  same  maximum  and  minimum  loads. 
Fatigue  crack  was  extended  by  at  least  0.25  cm  (about  0.1  in.)  following  each 
change  in  frequency  to  allow  steady-state  rate  to  be  established  at  the  new 
test  frequency.  Only  two  test  frequencies  (0.1  and  10  Hz)  were  used  for  the 
data  shown  in  Fig.  3b  to  better  illustrate  the  transition  between  steady- 
state  rates. 

Data  in  Fig.  3 clearly  show  a region  of  transient  growth,  following  each 
change  in  cyclic  load  frequency,  before  steady-state  growth  rate  became 
established  at  the  new  frequency.  For  example,  decreasing  the  frequency  from 
10  Hz  to  0.1  Hz  (see  Figs.  3a  and  3b)  did  not  produce  an  immediate  change  in 
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crack  growth  rate  to  its  expected  steady-state  value.  Instead,  it  resulted 
in  a gradual  change  that  extended  over  crack  growth  increments  of  the  order 
of  0.1  cm.  Similarly,  an  increase  in  frequency  (see  Fig.  3a)  produced  a 
gradual  decrease  in  growth  rate  to  its  steady-state  value.  The  extent  of 
crack  growth  required  to  establish  steady-state  growth  (that  is,  the  size  of 
the  transition  zone)  appeared  to  depend  on  the  magnitude  of  the  frequency 
change  and  on  the  crack  length  ( or  AK,  for  constant  load-amplitude  fatigue). 
Since  there  is  no  influence  of  frequency  on  fatigue  crack  growth  in  an  inert 
environment  over  this  range  of  frequencies  [1,15],  the  observed  transient 
phenomenon  must  result  from  interactions  with  the  environment.  The  implica- 
tions of  this  phenomenon  are  considered  in  the  discussion  section. 

Fractoqraphy 

Representative  SEM  microfractographs  obtained  from  specimens  tested  in 
585  Pa  (4.4  torr)  water  vapor  at  10  Hz  and  1 Hz  for  AK  of  25  MPa-m^/^^  are 
shown  in  Figs.  4a  and  4b,  respectively.  The  arrows  above  these  figures  indi- 
cate the  macroscopic  crack  growth  direction. 

The  features  shown  in  Fig.  4a  are  typical  of  the  fracture  surface  mor- 
phology for  a specimen  tested  in  water  vapor  at  10  Hz.  The  fracture  mode  is 
similar  to  that  for  specimens  tested  in  dehumidified  argon  at  20  Hz  at  com- 
parable AK  levels.  This  similarity  in  fracture  surface  characteristics  was 
not  unexpected,  inasmuch  as  the  environmental  effect  was  not  large  at  this 
frequency.  The  morphology,  therefore,  would  reflect  primarily  that  associated 
with  "pure"  fatigue.  In  general,  the  crack  path  appeared  to  be  transgranular 
with  respect  to  the  prior  austenite  grains.  The  crack  path,  however,  may  be 
intergranular  with  respect  to  martensite  and  twin  boundaries  within  the  prior 
austenite  grains. 

As  the  cyclic  load  frequency  was  reduced,  the  fracture  appearance 
changed.  Fracture  surface  morphology  that  was  observed  on  specimens  tested 
at  1 Hz,  shown  in  Fig.  4b,  is  typical  of  that  observed  at  the  lower  frequencies. 
The  fracture  path  is  now  markedly  different  from  that  observed  at  10  Hz.  The 
most  significant  difference  was  the  occurrence  of  a large  component  of  inter- 
granular separation  along  the  prior  austenite  grain  boundaries.  Some  trans- 
granular quasi-cleavage  ( i . e . , with  respect  to  the  prior  austenite  grains)  and 
secondary  cracks  out  of  the  plane  of  macroscopic  fracture  can  be  seen  also  in 
Fig.  4b.  The  difference  in  fracture  mode  between  10  Hz  (Fig.  4a)  and  1 Hz 
(Fig.  4b)  was  associated  with  approximately  a 4-fold  increase  in  crack  growth 
rate. 

Fracture  morphology  at  frequencies  below  1 Hz  (Fig.  4b)  was  very  similar 
to  that  observed  on  the  same  AISI  4340  steel  tested  in  hydrogen  and  in  water 
under  sustained-load  [14].  This  similarity  indicates  that,  in  AISI  4340 
steel,  sustained-load  crack  growth  in  hydrogen  and  in  water,  and  fatigue  crack 
growth  below  Kjscc  water  vapor  at  the  lower  frequencies  followed  essen- 
tially the  same  path  through  the  microstructure. 


Discussion 


Results  from  this  study  may  be  considered  in  relation  to  data  on  surface 
reaction  kinetics  on  the  same  AISI  4340  steel.  To  assist  in  this  considera- 
tion, principal  results  from  previous  investigations  are  briefly  summarized. 
In  these  investigations  [14,21,22],  characterization  of  the  kinetics  of  water 
vapor  and  hydrogen  sulfide  reaction  with  iron  single  crystal  and  with  AISI 
4340  steel  surfaces  as  a function  of  temperature  and  exposure  (pressure  x 
time)  were  made  with  the  aid  of  Auger  electron  spectroscopy  (AES)  and  of  low 
energy  electron  diffraction  (LEED).  Correlation  with  sustain-load  crack 
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growth  response  was  made  in  the  case  of  water/water  vapor  [14].  The  princi- 
pal findings  are  as  follows: 

(1)  The  initial  chemisorption  of  water  vapor  on  iron  and  on  AISI  4340 
steel  surfaces  was  extremely  rapid  and  was  essentially  complete  in 
about  the  order  of  one  microsecond  at  water  vapor  pressures  of  0.67 
to  1.06  kPa  (5-8  torr).  This  initial  step  of  surface  reaction  is 
not  thermally  activated,  and  was  too  fast  to  account  for  the  ob- 
served crack  growth  kinetics. 

(2)  The  second  step  of  surface  reaction,  involving  the  formation  of 
surface  oxide  and  presumed  production  of  hydrogen,  required  water 
vapor  exposure  on  the  order  of  1.33  to  1.33  x 10^  kPa-s  (10  to  10^ 
torr-s).  This  step  of  the  reaction  was  thermally  activated  and  was 
identified  as  the  rate  controlling  process  for  crack  growth  [14]. 
The  extent  of  reaction,  as  a function  of  exposure  at  three  tempera- 
tures, is  shown  in  Fig.  5.  The  solid  curves  represent  correlation 
of  an  approximate  model  to  the  experimental  data  [14]. 


EXPOSURE  (pt)  in  torr-s 


EXPOSURE  (pt)  in  Po-s 


Figure  5 - Reactions  of  water  vapor  with  AISI  4340 
steel  surface  as  a function  of  exposure 
at  three  temperatures  [14]. 

(3)  At  sufficiently  high  exposures  (above  10^  Pa-s  at  room  temperature) 
the  surface  oxide  film  would  reach  a limiting  thickness  and  prevent 
further  reaction  with  water  vapor.  The  oxide  layer  that  formed  on 
the  AISI  4340  steel  surface,  after  saturation  exposure  to  water 
vapor,  was  on  the  order  of  one  to  two  atomic  layers  thick  [14]. 


(4)  The  "slow  step"  in  the  reactions  of  hydrogen  sulfide  with  AISI 

4340  steel  surface  was  about  10°  times  faster  than  the  correspond- 
ing step  for  the  water  vapor-metal  surface  reaction  [14]. 
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Because  hydrogen  embrittlement  had  been  identified  as  the  mechanism  for 
crack  growth  under  sustained  load  in  water  and  water  vapor,  and  because  water/ 
metal  surface  reaction  had  been  shown  to  be  the  rate  controlling  process  for 
this  growth,  it  is  reasonable  to  expect  that  the  same  mechanism  and  rate  con- 
trolling process  would  operate  in  the  case  of  fatigue  crack  growth  in  water 
vapor  and  in  aqueous  environments.  The  similarity  between  fracture  paths  for 
sustained-load  crack  growth  and  for  fatigue  crack  growth  (at  the  lower  fre- 
c'uencies)  tends  to  support  this  expectation.  Because  the  environment  enhance- 
ment of  crack  growth  occurred  at  levels  well  below  the  threshold  K 
(Kiscc)  fo*"  sustained-load  crack  growth,  and  because  of  the  observed  fre- 
quency effect  and  of  the  transient  response  associated  with  frequency  changes, 
. one  would  expect  the  embrittlement  to  involve  a region  of  material  ahead  of 

' the  crack  tip  (i .e. , "volume  embrittlement"  vis-a-vis  "surface  embrittle- 

ment"). The  size  of  the  embrittled,  or  damaged,  zone  would  depend  on  the 
time  available  for  reaction  (viz. , cyclic  load  period)  and  on  the  reaction 
kinetics. 

Results  obtained  from  this  investigation  suggest  a conceptual  model  in 
which  a steady-state  zone  of  "embrittled"  material  exists  ahead  of  the  crack 
; tip  under  steady-state  conditions;  that  is,  for  prescribed  AK,  cyclic  load 

■ frequency  and  environment.  The  conceptual  model  is  illustrated  schematically 

■ in  Fig.  6.  The  damaged  zone  is  depicted  as  circles,  representing  some  appro- 

r priate  hydrogen  concentration  contour  ahead  of  the  crack  tip.  Because  more 

hydrogen  is  produced  at  the  lower  frequencies  (longer  exposure  time),  the 
j size  of  the  damaged  zone  and/or  the  hydrogen  concentration  within  ire  zone 

' ' are  expected  to  be  larger  at  the  lower  frequencies  (Fig.  6).  On  each  cycle 

- of  loading,  the  crack  would  extend,  in  one  step,  through  a fraction  of  this 

• zone  (the  detailed  mechanism  for  this  growth  is  not  important  here).  Fol- 

lowing this  increment  of  crack  growth,  a steady-state  zone  is  reestablished 
ahead  of  the  new  crack  tip  through  reactions  of  the  environment  with  the 
freshly  created  crack  surface,  and  hydrogen  diffusion  and  redistribution. 


HIGH  f 


LOWf 


LOW  f HIGH  f 


Figure  6 - Schematic  illustration  of  conceptual  model 

for  environment  assisted  fatigue  crack  growth 
below  Kijcc- 
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The  existence  of  environmental  effects  at  K^iax  levels  below  for  fatigue 

is  not  inconsistent  with  the  definition  of  Kis^c  sustained  loading,  since 
fatigue  is  a more  proficient  process  for  producing  fresh  surfaces  to  react 
with  environment  and  to  produce  subsequent  embrittlement.  The  consistency  of 
this  conceptual  model  in  terms  of  experimental  observations  on  frequency  and 
transient  effects  and  of  surface  reaction  kinetics  is  discussed  in  the  fol- 
lowing sections. 

Frequency  Effect 

For  the  purpose  of  discussion,  the  fraction  of  the  surface  converted  to 
oxide  (0)  and  the  normalized  surface  reaction  rate,  for  the  reaction  of  water 
( vapor  with  AISI  4340  steel,  as  a function  of  exposure  (pt)  at  room  tempera- 

ture are  shown  in  Fig.  7.  The  curves  are  based  on  an  approximate  kinetic 
model  for  the  oxidation  reaction  [14],  and  may  be  regarded  as  a schematic 
representation  of  the  reaction.  According  to  the  conceptual  model  for  fati- 
gue crack  growth,  water  molecules  in  the  environment  will  undergo  dissociative 
chemical  reaction  with  the  freshly  produced  crack  surfaces  to  release  hydro- 
gen. The  amount  of  hydrogen  produced,  at  a given  vapor  pressure,  depends  on 
the  time  allowed  for  this  reaction  to  take  place  during  each  fatigue  cycle 
and  on  the  extent  of  available  fresh  surfaces.  All  or  a part  of  the  hydrogen 
thus  generated  diffuses  into  the  steel  and  is  expected  to  segregate  to  the 
region  of  high  triaxial  tensile  stress  near  the  crack  tip.  This  segregation 
of  hydrogen  embrittles  the  material  and  enhances  fatigue  crack  growth  by  one 
or  more  of  the  hydrogen  embrittlement  mechanisms  [23-26].  The  actual  mech- 
' anism  of  this  embrittlement  remains  to  be  determined,  but  is  not  important 

for  the  present  discussion. 


EXPOSURE  (pf)  in  forr-i 

I 10  10*  I0»  10^  10* 

T 1 — I 1 — I 1 — I >“1 


i_J i_J ■ I ■ I i_J I— L_ 
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EXPOSURE  (pt)  In  Po-t 


Figure  7 - Extent  and  normalized  rate  of  reaction  of 
water  vapor  with  AISI  4340  steel  surface 
as  a function  of  exposure  at  25°C  [14]. 

This  conceptual  model  appears  to  be  consistent  with  the  experimental 
data  on  crack  growth  kinetics  and  with  the  kinetics  of  surface  reactions  (see 
Figs.  2,6  and  7).  At  frequencies  of  0.1  to  10  Hz  and  a water  vapor  pressure 
of  585  Pa  (4.4  torr)  used  in  this  investigation,  the  freshly  produced  crack 
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surfaces  were  subjected  to  exposures  of  up  to  58.5  to  5850  Pa-s  (0.44  to  44 
torr-s)  per  cycle.  In  this  exposure  range,  the  surface  reaction  rate  or  rate 
of  hydrogen  production  were  essentially  equal  (Fig.  7).  Thus,  the  environ- 
mental contribution  to  the  rate  of  fatigue  crack  growth,  (da/dN)g  - (da/dN)^ 
or  (C  - Cq),  would  be  expected  to  be  essentially  proportional  to  the  cyclic- 
load  period  (1/frequency).  This  expectation  Is  consistent  with  the  observed 
frequency  dependence  shown  In  Fig.  2. 

Data  on  the  kinetics  of  water  vapor/AISI  4340  steel  surface  reaction 
n4]  (see  Fig.  5)  suggested  that  the  Initiation  of  the  second  step  of  reaction 
(leading  to  the  production  of  hydrogen)  at  room  temperature  occurred  at  a 
fairly  high  exposure;  estimated  to  be  about  13.3  Pa-s  (10"'  torr-s).  For  this 
AISI  4340  steel  tested  In  585  Pa  (4.4  torr)  water  vapor,  no  environmental 
effect  would  be  expected  above  a test  frequency  of  about  50  Hz  (period  of 
0.02  s).  On  the  other  hand,  at  exposures  above  10”  Pa-s  (10^  torr-s),  the 
oxidation  of  the  steel  surface  is  essentially  complete  and  no  further  hydro- 
gen production  takes  place.  The  crack  growth  rates  are  expected  to  reach  a 
saturation  value  and  exhibit  no  frequency  dependence.  The  general  trend  sug- 
gested by  the  conceptual  model,  at  the  lower  frequencies,  is  consistent  with 
data  reported  by  Gallagher  [8]  for  fatigue  crack  growth  in  HY-80  steel  In 
3.5  pet  NaCl  solution  (Fig.  8).  The  overall  trend  is  also  in  agreement  with 
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Figure  8 - Environment  dependent  component  of  fatigue  crack 
growth  rate  as  a function  of  cyclic  load  period 
for  HY-80  steel  tested  in  3.4%  NaCl  solution  at 
room  temperature  [8]. 

13 


thr  results  of  Bradshaw  and  Wheeler  [10]  for  fatigue  crack  growth  1n  aluminum 
alloys  In  water  vapor  (without  capillary  condensation  at  the  crack  tip). 
Indeed  the  rationale  Is  consistent  with  that  proposed  by  Bradshaw  and  Wheeler 
[10].  Unfortunately  surface  reaction  data  for  aluminum  and  aluminum  alloys 
are  still  not  available  to  allow  for  more  direct  comparisons. 

Vosikovsky  [27]  explored  the  Influences  of  changes  In  both  stress  In- 
tensity factor  range  and  frequency  on  the  below  Kjscc  corrosion  fatigue  crack 
growth  behavior  of  an  X65  line  pipe  steel  in  sour  crude  oil.  In  his  investi- 
gation, crude  oil  containing  H2S  of  about  1 ppm  and  4700  ppm  (saturation  con- 
centration) was  used,  and  cyclic  frequencies  ranging  from  0.1  to  10  Hz  were 
considered.  The  maximum  increase  in  growth  rate  relative  to  that  in  air  was 
observed  to  be  about  3 times  at  low  H2S  concentration,  and  about  20  times  at 
saturation  concentration.  Some  frequency  dependence  was  observed  at  low 
HoS  concentration.  There  was,  however,  essentially  no  frequency  effect  at 
the  higher  H2S  level.  The  absence  of  frequency  effect  at  high  H2S  concen- 
tration is  not  surprising  and  is  consistent  with  the  conceptual  model  in 
light  of  results  that  showed  H2S  to  react  about  10®  times  faster  and  to  reach 
saturation  10"  times  sooner  than  H2O  with  iron  and  AISI  4340  steel  surfaces 
[14,22].  The  results  at  low  H2S  concentration  are  less  clear  and  may  have 
been  affected  by  the  presence  of  water  (about  0.3  pet)  in  the  crude  oil  [27]. 

Transient  Phenomenon 


The  observed  transient  phenomenon  is  consistent  with  the  suggested  con- 
ceptual model  (see  Fig.  6).  According  to  this  model,  the  size  of  the  damaged 
zone  and/or  the  hydrogen  concentration  within  the  zone  are  expected  to  be 
smaller  at  high  frequencies  than  that  at  the  lower  frequencies.  When  the 
frequency  is  decreased,  say  from  10  Hz  to  0.1  Hz,  the  crack  initially  en- 
counters the  small  damage  zone  corresponding  to  steady  state  crack  growth  at 
the  initial  higher  frequency.  A small  increment  of  crack  growth,  therefore, 
would  result  during  the  first  load  cycle  at  the  new  frequency.  The  time 
available  for  surface  reaction  after  this  increment  of  growth,  however,  is 
now  much  longer.  The  size  of  the  dam-age  zone  would  then  be  expected  to  be- 
come larger  than  its  original  size,  and  a larger  increment  of  crack  growth 
would  result  on  the  subsequent  cycle  of  loading.  Crack  growth  would  proceed 
thereafter  in  successively  larger  increments  until  the  steady  state  crack 
growth  rate  and  damage  zone  size,  corresponding  to  the  lower  frequency,  are 
established.  This  process  is  illustrated  schematically  in  Fig.  6a  Con- 
versely, the  reverse  process  is  expected  to  occur  with  an  increase  in  fre- 
quency, see  Fig.  6b. 

The  concept  of  "volume  embrittlement"  is  essential  in  constructing  the 
suggested  conceptual  model.  Otherwise,  it  would  be  difficult  to  account  for 
the  observed  transient  phenomenon. 


Suitriary 

The  effect  of  cyclic  load  frequency  on  the  room-temperature  fatigue 
crack  growth  response  of  AISI  4340  steel  (tempered  at  205°C)  in  water  vapor 
at  585  Pa  (4.4  torr)  was  investigated.  The  water  vapor  pressure  had  been 
chosen  to  preclude  capillary  condensation  at  the  crack  tip.  Crack  growth 
tests  were  conducted  over  a frequency  range  from  0.1  to  10  Hz,  and  stress 
intensity  factor  range  (AK)  from  15  to  40  MPa-ml/2  (at  a load  TAtio  R of  0.1). 
The  corresponding  K^iax  levels  were  below  the  Kjscc  0^  MPa-m^^  for  this 
environment.  The  principal  findings  of  this  investigation  are  as  follows: 

(1)  There  was  a significant  effect  of  cyclic  load  frequency  on  the  rate 
of  fatigue  crack  growth  in  water  vapor.  The  rate  of  crack  growth 
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for  the  prescribed  conditions,  may  be  represented  by  an  empirical 
relationship 

C(AK)2 

(2)  The  rate  of  fatigue  crack  growth  may  be  separated  into  an  environ- 
ment independent  and  an  environment  dependent  component.  Over  the 
range  of  AK  used  in  this  investigation,  these  components  may  be 
represented  by  Cq  and  C]  = C - Cg  respectively.  was  found  to  be 
inversely  proportional  to  frequency  (f)  or  to  be  directly  propor- 
tional to  period  (t  = 1/f)  over  the  frequency  range  from  0.1  to  10 
Hz. 

(3)  Transient  crack  growth,  associated  with  a change  in  cyclic  load 
frequency,  was  observed.  Transient  growth  persisted  over  distances 
on  the  order  of  0.1  cm;  these  distances  being  dependent  on  the  mag- 
nitude of  the  frequency  change  and  of  AK. 

(4)  The  results  are  consistent  with  a conceptual  model  involving  crack 
growth  through  a portion  of  a "damaged"  zone  ahead  of  the  crack  tip 
during  each  cycle  of  loading;  the  mechanism  for  damage  being  that 
of  hydrogen  embrittlement.  The  size  of  this  zone  would  depend  on 
the  time  available  for  reaction  (cyclic  load  period)  and  the  sur- 
face reaction  kinetics.  The  conceptual  model  is  also  consistent 
with  other  data  in  the  literature,  and  suggests  that  the  environ- 
me.ot  dependent  component  would  be  proportional  to  the  extent  of 
surface  reaction  per  load  cycle. 

(5)  The  morphology  of  fractured  surface  is  very  sensitive  to  the  cyclic 
frequency  in  water  vapor.  At  high  frequencies,  the  fractures  are 
predominantly  transgranular  and  are  comparable  to  specimens  tested 
in  argon.  The  fracture  surfaces  of  the  specimens  tested  at  low 
frequencies,  however,  exhibit  predominantly  intergranular  separation 
along  prior  austenite  grain  boundaries.  The  intergranular  fractures 
are  consistent  with  those  observed  for  sustained- load  crack  growth, 
and  tend  to  support  the  identical  nature  of  the  embrittlement 
mechanism  for  these  two  loading  conditions. 
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